Introduction
Transition metal modified or substituted oxide materials have found many applications in catalysis. Zeolites, a typical group of materials used as support for heterogeneous catalysts are used for decades in industrial applications. The continuous search to improve or discover new catalyst has led to the chemical modification of the oxide support or zeolite in particular at atomic level 1 . 2 In earlier work Dzwigaj et al. [3] [4] [5] have applied a two-step post-synthesis method to favor the incorporation of group VI metal, chromium, into the framework of the BEA zeolite and to obtain mononuclear chromium species. The transition metal intra framework site was characterized using a series of experimental techniques, followed by quantum chemical calculations by the Tielens group 6 . A logic continuation of this study is the introduction of the other group VI elements, Mo, and W into the zeolite structure, in the same spirit as for the group V transition metals performed earlier: V 7-11 , Nb 12 , Ta 13 , and Cr 14 .
Molybdenum species grafted on silica have attracted considerable attention because of their relevance to a variety of catalytic reactions, including the selective oxidations of alkanes 15, 16 , alkenes 17 , and alcohols 18, 19 . Many research groups have reported methods of characterization and synthesis, which is supposed to generate specific surface molybdenum oxide species. It is well known that framework transition metal ions are considered to be active in selective oxidation reactions [20] [21] [22] [23] . Nevertheless, the structure, stability and reactivity of Mo oxide functionalities encapsulated in zeolites are much less studied, especially as isolated mononuclear species.
To our knowledge no combined theoretical/experimental characterization studies are available on molybdenum oxide species inserted into zeolite frameworks. The most related material known to pure silica molybdenum zeolites is molybdenum oxide supported on silica surface. This material characterized by SiO-Mo linkages and has been thoroughly investigated, and molecular models have been studied theoretically 24 .
The still growing computational power enables us to study models with increasing complexity and reliability. Until now, ab initio quantum chemical calculations have been performed on cluster models involving only dozen of atoms [25] [26] [27] . The present work follows the same spirit as those performed on the group V elements [28] [29] [30] , and in particular Si substituted by Cr, characterized experimentally on BEA zeolite and theoretically using periodic DFT 6 .
Different framework site models are proposed after a systematic theoretical study. The sites are characterized by structural parameters, vibrational frequencies, and (de)protonation energies. The results are in good agreement with the experimental findings.
Experimental Details

Material preparation
A tetraethylammonium BEA (TEABEA) zeolite with a Si/Al atomic ratio of 17 provided by RIPP (China) was dealuminated by a treatment with nitric acid solution (c = 13 mol L -1 ) at 353 K for 4h, to obtain SiBEA with atomic Si/Al ratio > 1300 and then washed several times with distilled water and dried at 368 K overnight.
SiBEA zeolite and molybdenum(II) acetate with a desired amount of Mo (3 Mo wt. % in Mocontaining SiBEA sample) were ground and mixed in agate mortar for 15 minutes. The obtained mixture was transferred to glass reactor and heated in flowing argon of 150 mL min -1 up to 773 K with heating rate of 2 K min -1 and left in this temperature for 12 h. After that, the gas flow was changed from argon to oxygen and the solid was calcined at 773 K for 3 h. As obtained, Mocontaining SiBEA was labeled Mo3.0SiBEA.
Material characterization
Power X-ray diffractograms (XRD) of the prepared samples were recorded at room temperature on a Bruker D8 Advance diffractometer using the CuKa radiation (λ = 154.05 pm).
Analysis of the acidic properties of samples was performed by adsorption of pyridine (Py) followed by transmission FT infrared spectroscopy. Before analysis, the samples were pressed at ~ 1 ton cm -2 into thin wafers of ca. 10 mg cm -2 and placed inside the IR cell.
Before Py adsorption/desorption experiments, the wafers were activated by calcination in static conditions at 723 K for 3 h in O2 (1.6 10 4 Pa) and then outgassed under secondary vacuum at 573 K (10 -3 Pa) for 1 h. These wafers were contacted at room temperature with gaseous Py (133 Pa) via a separate cell containing liquid Py. The spectra were then recorded following desorption from 423 and 573 K with a Bruker Vector 22 spectrometer (resolution 2 cm 1 , 128 scans). The reported difference spectra were obtained after subtraction of the spectrum recorded before Py adsorption.
Diffuse reflectance (DR) UV-vis spectra of Mo3.0SiBEA were recorded at ambient atmosphere on a Cary 5000 Varian spectrometer equipped with a double integrator with polytetrafluoroethylene.
Computational Details
Periodic density functional theory (DFT) calculations were performed using ab initio planewave pseudopotentials implemented in the Vienna Ab Initio Simulation Package 31, 32 . The gradient-corrected revised Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 33, 34 was chosen to carry out all calculations. The valence electrons and their interactions with the ionic cores were described with the projector augmented-wave (PAW) method 35, 36 and for valence electrons a plane wave basis set was applied.
are set for each wave function using the tetrahedron method with Blöchl corrections 37 . The convergence was reached when the total energy difference between the self-consistent field loops was less than 10 -4 eV. To calculate the Hessian matrix each ion was displaced in all three Cartesian directions. The sodalite structure (SOD, Figure 1 ), commonly referred as the -cage was used to perform a systematic study using periodic calculations. The use of the SOD cage as a model for a zeolite and in particular for BEA zeolite has been compared and justified in our previous study 11 . The unit cell has a regular network of tetrahedral sites (equal T-sites) and contains 36 atoms (Si12O24). The use of such a small periodically repeated model makes the computationally very demanding calculations attainable. We also calculated, however, the most stable structures in BEA zeolite, to investigate the effect of the unit cell flexibility on the Mo insertion. The BEA unit cell contains 192 atoms (Si64O128), and has 9 different T-sites. We verified our calculations in the -cage in three different T-sites, namely T1, T2, and T9, which were previously shown for V, Nb, Ta inserted BEA zeolites to exhibit very different affinity to host metal ions 11 . Several configurations were systematically investigated to study the environment of the Mo site as the function of its oxidation state and its degree of hydration ( Figure 2 ). This study is a complementary work to our previous work on chromium-substituted zeolite 6 . We started from a hypothetical structure in which one silicon atom of the pure SiO2 framework is isomorphously substituted by one molybdenum atom, where the oxidation state of the transition metal is +4 (MoSOD). As a next step the metal center was reduced and oxidized by molecular hydrogen (H2, right in Figure 2 ) and oxygen (O2, left in Figure 2 ), respectively to form the parent Mo III (B3) and
Mo VI (Mo6) sites. For both species, we added up to two water molecules (dissociated or not) and considered Mo=O and Mo-OH groups in the structures as summarized in Figure 2 . In order to distinguish the different functional groups formed in the site and to be consistent with earlier studies, we use our previously introduced nomenclature [10] [11] [12] Results and discussion
Experimental investigation
Incorporation of molybdenum into the framework of SiBEA evidenced by XRD and FTIR As Figure 3 indicates, the X-ray diffractograms of SiBEA and Mo3.0SiBEA are similar, suggesting that the incorporation of molybdenum into framework of SiBEA zeolite does not significantly affect the structure of the zeolite. While the determination of the unit cell parameters in BEA zeolite is made difficult because of the coexistence of several polytypes, it is, however, possible to obtain information on the contraction/expansion of the framework from the position of the diffraction peak (302) at 2θ = 22.5-22.7°. Conventionally, absorption bands between 250 and 280 nm are assigned to a tetrahedral, whereas bands from 300 to 330 nm to an octahedral geometry of isolated molybdenum oxide centers 45, 46 .
The absence of d-d transition within the range of 600-800 nm indicates that practically all molybdenum centers are oxidized to Mo VI and no reduced Mo III or Mo IV forms are present. Table 2 and are used to determine the type of the Mo-O bonds in the zeolites. Compared to Mo VI systems, water molecules entering the zeolite cage behave differently when approaching a Mo III substituted site. Due to the ease with which the zeolite framework distorts around the metal, the excess water coordinates to the Mo III center with one of its lone pairs to adopt a pentacoordinated, trigonal bipyramidal structure, B3W (Figure 2 and 7 It is also worth discussing the overall geometries around the metal centers in the most stable structures (Figure 7 ), because the zeolite frame causes some deviations from the ideal structures in spite of its flexibility. Until the coordination sphere can adopt an almost perfect trigonal Vibrational frequency calculations were carried out to verify that the structures reached a real minimum with only real frequencies and also to obtain spectroscopic properties. The computed frequencies (Table 3) 
Acid-base properties
To characterize the Brønsted acidity of the investigated structures, the protonation and deprotonation energy were calculated for the different energetically plausible sites 54, 55 . The deprotonation energy is evaluated to be a positive value as the energy of the conjugate base, E(SOD -) minus the energy of the acid (eq. 2). Edeprot indicates how acidic the proton is at a given site of the zeolite; the larger the Edeprot value the less acidic the proton is.
The protonation energy is defined analogously in eq. 3 to measure the basicity of sites; however note that in this case a higher value of Eprot defines a more basic zeolite site.
Eprot=E(SOD)-E(SOD-H
One has to realize that a periodically repeated charged unit cell is modeled when computing energies E(SOD -) and E(SOD-H + ) resulting in an unphysical state of infinite overall charge for the macroscopic systems. The deprotonation and protonation energies should, thus, be corrected accordingly in order to obtain realistic absolute values. For example, the divergence of the Coulomb energy in the charged system is eliminated by adding a uniform positive/negative background charge to the deprotonated/protonated unit cell. Nevertheless, our experience is that the values computed via eq. 2 and 3 using this method reveal the correct acidity and basicity trends for the various sites, which is the primary aim of these simulations.
In practice, one can determine the acidity of the distinct silanol (SiO- Table 4 for the most relevant structures in electron volts. 
BEA Results
We have repeatedly demonstrated in integrated experimental and computational studies that the simple sodalite (SOD) model provides a sufficiently realistic structural description for the metal containing site of the zeolite. Nevertheless, in cases when structurally significantly differing but energetically similar sites are present, e.g. Mo6W vs. MoMo6, the sodalite framework might be too rigid to account for subtle differences in the stability-structure relationship. To get a more realistic insight into the structures and energetics of the most stable forms, we remodeled the Mo6, limited to three T-sites, T1, T2, and T9, which were selected on the bases of our previous work 11 ,
showing that these T-sites exhibit very different affinity to accommodate M=O, M-OH groups, respectively. adopt these structural changes very differently. Namely, T1 and T2 sites profit more from this structural relaxation/distortion than T9 site and accordingly the water splitting process, i.e. going from Mo6W to MoMo6, becomes preferred at T1 and T2 sites by 0.1 and 0.04 eV, respectively.
The appealing consistency of our calculations is clearly reflected in the stability order of MoMo6W amongst the T sites being similar to that of MoMo6, as expected on the electronic structure similarity; T1 site is the most stable whereas T9 is the least stable when hosting Mo VI with two Mo=O functionalities. At this hydration state water spitting is strongly preferred at T1 (-0.53 eV), it is an equilibrium process at T2 (0.12 eV), whereas most probably is an uphill process at T9. Thus, our calculations unambiguously revealed different structural relaxation or distortion ability at different T sites which is manifested in the reactivity of the molybdenum center at these positions.
It is also worth noting that in cases when the reactive site undergoes so drastic structural change upon a reaction as in the case of going from Mo6W to MoMo6, i.e. water splitting, the sodalite cage might not provide a realistic picture about the energetics due to its inability to distort its frame properly. For example, simulations in SOD predict a thermodynamically not preferred water spitting for the Mo6W to MoMo6 transition, whereas it is clearly a feasible process at the T1 position in the BEA frame. In these instances, modeling the processes in BEA zeolite is crucial after prescreening the various structures with the simple SOD model. Similar conclusion can be drawn for the computed equilibrium geometries: simulations in SOD and BEA reveal conceptually similar arrangements around the molybdenum center, however, fluctuations in the structural metrics, up to 0.2 Å for weak bonds, might be expected when going from one zeolite frame to another.
Conclusions
We effectively prepared Mo-containing BEA zeolites by using a two-steps post-synthesis method starting from SiBEA and Mo II acetate. Remodeling the most stable Mo VI sites in three T positions (T1, T2 and T9) of BEA framework, using a unit cell of 192 atoms periodically, indicates that reactivity of molybdenum based sites is significantly influenced by the rigidity/flexibility of the zeolite frame to adopt a certain structure characteristic the product. A slight preference for the penta-coordinated (SiO-)4Mo=O species is revealed at the T9 position over T1 and T2. T1 is, however, superior in adopting pseudo-octahedral (SiO-)2(Si(H)O-)2Mo(=O)2 structures resulting in significantly favoured water splitting processes.
The latter process is also feasible at molybdenum in T2 position, but it is an energetically uphill process for Mo sites at T9 due to the rigidity of the zeolite frame in this position. From these results it is also clear that the sodalite model cage might serve to pre-estimate the stability of the numerous plausible isomers, however, more realistic zeolite models, such as BEA, is needed to adequately assess the stability-structure relationship for close energy states, such as for water splitting reaction in this study. The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.
